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The derivation of cross sections and decay rates in the Lorentz-violating standard- 
model extension is discussed. General features of the physics are described, and some 
conceptual and calculational issues are addressed. As an illustrative example, the 
cross section for the specific process of electron-positron pair annihilation into two 
photons is obtained. 



1. Introduction. The possibility of small violations of Lorentz invariance in quan- 
tum field theory is theoretically and experimentally viable At the level of the 
standard model, a general Lorentz- violating standard-model extension is known [Q. 
Its lagrangian consists of all possible terms involving standard-model fields that are 
observer Lorentz scalars, including terms having coupling coefficients with Lorentz 
indices. Gauge invariance is usually imposed. At low energies, the relevant opera- 
tors are renormalizable and are all given in Ref. 0. The domain of validity of the 
renormalizable terms in the fermion sector is known to be below the Planck scale or, 
for some operators, below the geometric mean of the low-energy scale and the Planck 
scale ||. Above this scale, the nonrenormalizable terms would play a crucial role in 
maintaining causality and stability of the theory. 

Various experiments have placed bounds on parameters in the standard-model ex- 
tension, including comparative tests of quantum electrodynamics (QED) in Penning 
traps (|, ||, |6], |7j, spectroscopy of hydrogen and antihydrogen [§, measurements of 



muon properties (TO, ITTJ, clock-comparison experiments 1X21 O, IT3, observations 



of the behavior of a spin-polarized torsion pendulum 116 , |T7| , measurements of cosmo- 
logical birefringence [fTS], |^, [H], ^TJ, studies of neutral- meson oscillations [ET], 
and observations of the baryon asymmetry [^| . However, relatively little is known 
about the implications of the theory for scattering experiments or particle decays. 
For instance, although a consistent quantization and the associated Feynman rules 
are known, no complete calculation of a scattering process in the context of the 
standard-model extension has been performed to date. 

In the present work, we describe a general procedure for the calculation of cross 
sections and decay rates in the standard-model extension. Some of the usual concepts 
and tools are based on Lorentz invariance, so alternative procedures are needed. 
As an illustrative example, we obtain the cross section for the specific process of 
relativistic electron-positron pair annihilation into two photons, using the general 
Lorentz- violating extension of QED. The presence of Lorentz violation introduces new 
physical features, as shown below. For example, the violation of rotational invariance 
implies that the scattering cross section depends on the orientation of the colliding 
beams, which in turn produces in physical observables a sidereal-time dependence 
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arising from the Earth's rotation. 

2. General considerations. We begin with some general issues affecting the calculation 
of cross sections and decay rates in the standard-model extension. For simplicity in 
what follows, specific examples are restricted to the theory of electrons, positrons, 
and photons in the presence of Lorentz and CPT violation. This QED extension is a 
limit of the full standard-model extension, and the methods used below apply directly 
to the complete theory. 

It is useful first to recap the definition and some properties of the general Lorentz- 
and CPT-violating QED extension. Its lagrangian is 

C = D v ijj- i>M^ - \F^F» V + \{k AF )\^ u A x F^ - \(k F ) KX ^F KX F^. (1) 

In this equation, 

r" = f + cT 7ll + d^ 5l „ + e» + ifjs + y^o-xv, (2) 

and 

M = m + drf + 6 M 7 57 ^ + \H^a^ v . (3) 

Here, m is the electron mass, while the quantities a M , b^, c^ u , d^ u , e M , / M , gx^u, H^ u , 
(^af) k) (^f)kA/^ are real coefficients controlling the Lorentz violation. 

The Lorentz-violating terms in the lagrangian ([!]) produce effects both in rela- 
tivistic quantum mechanics and in quantum field theory @, In quantum theory, 
the presence of extra time derivatives in the quadratic fermion component of Eq. (H) 
implies that the time evolution of ip is unconventional, so the asymptotic states asso- 
ciated with t/> cannot be directly identified with physical free-particle states. To avoid 
these interpretational difficulties, the extra time-derivative factors can be eliminated 
via a spinor redefinition Q 

V> = A X, (4) 

where A is an invertible matrix satisfying A^°T°A = 1. This redefinition leaves 
the physics unchanged but yields the conventional Schrodinger time evolution for 
X, idox = Hx- The quanta created by x can therefore be identified with physical 
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particles. The modified hamiltonian H is hermitian and is given by 



H = -f°A(-iT j D j + M)A, 



(5) 



where A = ^A^ . Details about the existence of the spinor redefinition and the 
properties of the matrix A can be found in Ref. 0. 

Since A is chosen by definition to eliminate time derivatives, its form depends 
on the specification of the time coordinate and hence on the choice of observer iner- 
tial frame. This induces a noncovariant relationship between x m the chosen frame 
and the corresponding physical spinor in another frame boosted relative to the first. 
Awareness of this feature of the spinor redefinition is crucial in calculating scatter- 
ing cross sections or decay rates, since several of the standard procedures rely upon 
conversions between various special frames such as the rest frame, the center-of- 
momentum frame, or the laboratory frame. Transformations between inertial frames 
can still be implemented, but the additional complexity arising from the associated 
transformations of A makes it easier in practice to adopt calculational methods that 
avoid frame changes. We emphasize that all these complications are purely technical, 
since the physics is guaranteed to be independent of the choice of observer inertial 
frame by virtue of observer Lorentz invariance ||. 

The calculation of cross sections or decay rates parallels the conventional approach 
with some modifications. The S"-matrix element and the corresponding transition 
probability per unit time and volume can be calculated from Feynman diagrams in 
the standard way, but with appropriately modified Feynman rules Associated to 
the lagrangian ([!]) is a conserved canonical energy-momentum tensor, and the corre- 
sponding energy-momentum 4-vector p^ is conserved at the vertices of the Feynman 
diagrams as usual. This generates the standard overall momentum 5-function factor. 
For external legs on a diagram, spinor solutions of the modified Dirac equation must 
be derived and used. Internal lines in Feynman graphs are associated with a modified 
propagator, which in the case of fermions in the QED extension takes the form 



This propagator for x is appropriate for calculations of physical observables in scat- 
tering processes. Note that it differs from the propagator for ip, which has been used 



Sf(p) 
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to study microcausality of the theory [|3| . 

As usual, to obtain the cross section or decay rate, the transition probability per 
unit time and volume must be divided by a factor F accounting for properties of 
the initial state. For example, for the scattering between two beams of particles, 
this factor is normally defined as the product of the beam densities N±, N 2 and the 
modulus of the beam velocity difference \v\ — v 2 \: 

F = N 1 N 2 \v\ — v 2 \. (7) 

In the conventional case, Lorentz invariance and the momentum- velocity relation 
p = Ev are then often exploited to write F in the covariant form 4[(pi ■ p 2 ) 2 — m 4 ] 1 / 2 , 
with the field normalizations chosen so that the densities are Aq = 2Ei, N 2 = 2E 2 . 

In the present Lorentz-violating case, Eq. ([F]) still holds by definition but some 
care is required in its application because the momentum-velocity relation is modi- 
fied and because the frame-dependence of the field redefinition complicates the 
transformation of F between frames. It is therefore most convenient to calculate the 
entire cross section in a single inertial frame. In the chosen frame, the factor F is ob- 
tained from Eq. (|7J). The beam densities are derived using the time component of the 
conserved current, as usual. The beam velocities are calculated from the dispersion 
relation, via the definition of the group velocity of a wave packet with momentum p: 

v g = V p E(p). (8) 

The reader is reminded that the group velocity v g and the phase velocity v p = Ep/\p\ 
typically differ in orientation in the Lorentz-violating case @. Finally, the result for 
F can be combined with the transition probability per unit time and volume to yield 
the physical cross section for any given process in the presence of Lorentz violation. 

3. Relativistic electrons and positrons. A standard class of experiments in QED 
involves relativistic electron-positron collisions. In this case, the treatment of the 
fermion sector of the lagrangian (P simplifies, as is discussed next. 

In the relativistic limit, effects from the nonderivative couplings in Eq. ([J) associ- 
ated with the coefficients a M , H^ u are suppressed relative to other Lorentz-violating 
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terms. This suppression occurs because the effects of the derivative couplings on the 
dispersion relation grow with momentum, while those of the nonderivative couplings 
are momentum independent. We emphasize that even at high energies the effects of 
the derivative couplings remain small relative to the conventional behavior from the 
fermion kinetic term, since this also grows with momentum. The point is rather that 
effects from Lorentz- violating derivative couplings dominate those from nonderivative 
ones, so at relativistic momenta it is reasonable to neglect the effects of the coefficients 
a M , b^, H^ u . Note, however, that caution is necessary in considering effects above the 
ultrarelativistic scale determined by the geometric mean y/mMp of m and the Planck 
mass Mp, since above this scale nonrenormalizable corrections to the lagrangian (H) 
become essential to maintain causality and stability in the quantum theory || . Other 
effects may also arise at the string scale ||25|| . In the present work, we limit attention 
to the relativistic regime lying well above m but below y/mMp. 

To simplify further the analysis here, we disregard possible effects from the CPT- 
violating coefficients e^, f^, gx^. These are zero in the exact QED limit of the 
standard-model extension because they are incompatible with the full SU(2)xU(l) 
gauge symmetry, but in practice they might be induced through various radiative 
corrections 0]. Also, in most applications, the colliding electrons and positrons are 
unpolarized. For unpolarized beams, effects from d^ v average to zero because the 
corresponding field term contains a 75 coupling, which induces a correction of opposite 
sign for \l and xr- 

The only remaining coefficient is c Mi/ , and the corresponding field operator pro- 
duces the dominant Lorentz-violating effects in relativistic collisions of unpolarized 
electrons and positrons. The effective lagrangian for the fermions is therefore a subset 
of the QED extension ([!]): 



Without loss of generality, can be taken traceless. To leading order in c M „, the 
field redefinition (f|) is explicitly found to be 



£ = \i{r]^ + c^)^{d v +2iqA u )^ - m^. 



(9) 




(10) 
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The lagrangian in terms of x becomes 

£ = jiVvvXj' 1 D u x ~ rhxx, (U) 
where we have introduced the convenient notation 

rh = m(l-coo), 

C-^u = C^u — CfiOVOu + c u0V0fJ, ~ CooVfiv (12) 

These quantities have nontrivial Lorentz-transformation properties. For example, the 
effective electron mass rh depends on the observer inertial frame. Note that C M o = 0, 
which reflects the elimination of the time- derivative Lorentz- violating couplings in the 
lagrangian (|ll|) for x- Note also that and hence r)^ are typically not symmetric. 
However, C^ v may be symmetric under certain circumstances, such as in the special 
case of rotational invariance in the chosen inertial frame, where becomes a diagonal 
matrix with diagonal elements proportional to (0, 1, 1, 1). 

To construct the relativistic quantum mechanics and the quantum field theory, we 
follow the general procedure described in Ref. ||. The modified Dirac equation for 
the free x fermion can be solved exactly using the plane-wave solution 

x ( x ) = e - iX ^w{\). (13) 

Using the leading-order results fllOD and (|T2|), the four- component spinor w(X) is found 
to satisfy 

(V^y - rh)w(X) = 0. (14) 

A nontrivial solution exists provided the determinant of the applied operator is zero. 
This leads to the dispersion relation 

\ 2 -m 2 = 0, (15) 

where we define A M = rj IMU \ u . This dispersion relation holds to leading order in c^ v . 
It is quadratic in A (A) and symmetric under A M — * — A M , implying that the roots are 
degenerate after reinterpretation. There are therefore no energy splittings between the 
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fermion and antifermion solutions at this order, and the dispersion relation acquires 
only a momentum-dependent modification. We remark in passing that the exact 
dispersion relation for \ is identical to that for ip obtained from Eq. (£5|) and is given 
as Eq. (39) of Ref. ||, where some of its properties are also discussed. However, the 
form flI5|) suffices for our purposes and is convenient for calculation. 

Define the positive root as A°(p) = p°(p) = E(fi), where to leading order in c^ u 
the energy E is 

E(p) = + ™ 2 - j$j= 5 - Cy. (16) 
The field is expanded as 

X(x) = J {2 ^/ m E [«P>^ W (p) + 4 a) tf)e*-t;W(?)] , (17) 
where the spinors are normalized to 

uWt(p>^(p) = <5 Qa 'AT(p) , t;W*(p>( a ')(p) = 5 aQ 'AT(p), 

u^^/'j-p) = , ^ a)t (-p> (a '>(£) = 0. (18) 

We leave the normalization factor N(p) arbitrary to display explicitly its cancellation 
in the physical cross section. The reader is cautioned that boosting the chosen value 
of N(p) to another inertial frame is nontrivial because the spinor redefinition ( |I0D 
must be taken into account. 

Quantization is implemented by imposing the following nonvanishing anticommu- 
tation relations on the mode operators: 

{bn(p),b\ a/) (p')} = (2rr) 3 N(p)5 aa ,6 3 (p-p'), 
{d {a) {p),d\ al) {p')} = {2-KfN{p)8 aa ^{p-p'). (19) 

The resulting equal-time anticommutation relations for the \ fi^d are conventional. 
The corresponding single-particle states are therefore normalized as usual according to 
(p',a'\p,a) = (2ir) 3 N(p)5 aa i5 3 (ff —p). Matching this normalization to that obtained 
from the representation ( |13"D in relativistic quantum mechanics shows that the number 
density for an incident plane wave is normalized to N(p) particles per unit volume. 
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The conserved canonical energy-momentum tensor is an observer Lorentz 2-tensor, 
which in terms of the redefined spinors x m the chosen frame takes the form 

®» u = \n»xi a d u X- (20) 

The corresponding conserved four-momentum is diagonal in the creation and annihi- 
lation operators by virtue of the field redefinition: 



= J d 3 x : 6°^ : 



= / (2n)Z^ 5 i h U ® 6 « ® + ® d ™ ^ ] • (21) 
The conserved U(l) current is an observer Lorentz 4- vector of the form 

f = V^X^X, (22) 

with conserved charge 

Q = I j^Mm S l b U ^ - d U m ^ ®\ • (23) 

To leading order in c Mi ,, the Feynman propagator (|6]) for x can be written as 

Sf( P ) = z I - ■ (24) 
p^ - m 

Equating the propagator to the vacuum expectation value of the usual time-ordered 
product of fields yields the useful identities 

£^)(p>W(p) = J*®(jf+m), E^ (a) b> (a) (p) = ^r^-rh), (25) 

where E{p) = p (p) = fj 0u p u and the shorthand notation f = fj liu ^p u is used. These 
relations are generalizations of the usual ones, and they can be verified by direct 
calculation using the explicit expressions for the modified spinors. 

4- Cross section for e~e + — > 27. As an illustrative example of a cross-section cal- 
culation in the QED extension, we next apply the above general procedure to the 
pair annihilation of relativistic electrons and positrons into two photons. To simplify 
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matters, we disregard Lorentz-violating effects in the photon sector associated with 
the coefficients (&af)„ and (&f) kA ^„- The former is in any case expected theoretically 
to be zero B and is bounded experimentally to less than about 10~ 42 GeV by as- 



trophysical observations [18], while the latter is also known to be negligible on the 
relevant scale 0, ffiifl . 

The appropriate element of the transition matrix T for the process e~e + — > 27 
can be found by evaluating the tree-level diagrams for electron-positron annihilation, 
using the modified Feynman rules for the QED extension. The result is 

1 



iTfi = -ie (27r) 5 (k\ +k 2 —pi— p 2 )v(p 



2) 



— ?i + (l<->2) 
m 



u(p 



= t(27r) 4 6\k 1 + k 2 - Pl -p 2 )T fi . (26) 

In this equation, pi, p 2 are the electron and positron momenta, while k\, k 2 are 
the photon momenta. The spinors u, v solve the modified Dirac equation after the 
reinterpretation, while e±, e 2 are the two photon polarization vectors. Note that 
crossing symmetry is satisfied, as expected. 

Following the discussions above, it is most convenient to perform the whole calcu- 
lation in a single inertial frame. Since in practice the experimental procedure involves 
detecting back-to-back photons in reconstructing the cross section, the appropriate 
frame is the center-of-momentum frame. This frame is also convenient for practical 
calculations. 

The transition rate is determined by \Tfi\ 2 , where the sum is over final pho- 
ton polarizations and initial fermion states. In accordance with the relativistic ap- 
proximation, we treat m as small and neglect subleading Lorentz-invariant factors 
of order m 2 /\p\ 2 . Taking advantage of the identities (|25|) and performing algebraic 
steps similar to those for the equivalent calculation in conventional QED yields in the 
center-of-momentum frame 

v^.^.a 4e 4 N(p)N(-p) 17 1 + cos 2 #\ r 

H j— [cos 2 Qpcp + kck — cos^fl + cos 2 6)kcp] }, (27) 

sin 6 J 

which consists of the usual QED result plus order-c^ corrections. In this expression, 
p and k are unit vectors along the incident electron and outgoing photon directions, 
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p 2 



v 2 

Figure 1: Momenta and velocities for the process e~e + — > 27. The incoming fermion 
momenta pi, f>2 are equal and opposite, as are the outgoing photon momenta ki, 
k2 and velocities. The incoming fermion group velocities Vi, V2, which determine 
the particle trajectories, typically are not parallel by virtue of the modified velocity- 
momentum relationship in Lorentz-violating quantum field theories. 

and cos 9 = p-k. Terms such as kcp denote double contraction of the matrix Cjk with 
the indicated unit vectors. 

The definition of the cross section also requires the calculation of the factor F in 
Eq. (|7|). This must again be evaluated in the center-of- momentum frame. The frame 
dependence of the spinor redefinition (^j) implies that it would, for example, be incor- 
rect to proceed by calculating the flux and target density in the laboratory frame and 
applying standard transformation laws directly to boost the corresponding momenta 
back to the center-of-momentum frame. This would generate spurious factors of 7 2 
that appear to dominate the cross section at high energies. 

Keeping the normalizations arbitrary as before, it suffices to determine the beam 
velocity difference. Using Eqs. (§) and (|T5|), the group velocity is found to be 

vi = l$ + Cjp») (28) 

to lowest order in C^ u . Note that this velocity typically does not lie along the momen- 
tum p. Figure 1 illustrates the situation for the electron-positron pair annihilation. 
In the center-of-momentum frame, the momenta of the incoming beams are equal and 
opposite, but the velocities (which determine the trajectories) typically are not. For 
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example, in the present case we find v{ + v \ = 2(c°- ? + c j0 ), which can be nonzero. 

Using Eq. (p8|), the velocity difference \vi — U2I can be deduced. This in turn yields 
the factor F in the center-of-momentum frame as 

F = 2N(p)N(-p)(l - pCp). (29) 

In this equation and what follows, expressions such as pCp are understood to denote 

double contraction of the matrix Cjk with the indicated unit vectors. The reader is 

reminded that the beam velocity difference (which is about 2 rather than 1) is not the 

relative beam velocity obtained using a relativistic velocity-addition law. Note also 

that Lorentz-symmetric contributions of order m 2 /\p\ 2 are neglected here but would 

be important in any considerations of microcausality [[J. 

Combining the results for the transition rate and the factor F given in Eqs. ( p?|) 

and (p9"D, using conventional phase-space factors for the final-state photons, produces 

the cross section in the center-of-momentum frame: 

da a 2 J (\ + cos 2 6> s 

dn ~ VlV sin 2 9 

4 

sin^ 1 

For definiteness, we choose coordinates with p\ along the 3 axis. Integrating this 
expression over the azimuthal angle (f> then yields 
da r 2n , , da 



-)(l + 3pCp + 2C/) 



+— ir -[cos 2 9pCp + kCk-cos9(l + cos 2 9)kCp] \. (30) 



d cos 9 Jo dQ 



iia 2 



2/7 



1 + cos 2 9 
sin 2 9 



(1 + coo + c 33 ) - 2 cot 2 9(c u + c 22 - 2c 



33 J 



(31) 



Note that the normalization factors have cancelled. 

For other processes, fermions may be present in the final state. As usual, the 
available phase space dU per final state fermion is 

dU = - d H^ . (32) 

In observable cross sections or decay rates, the normalization factors N(p) again 
cancel with those in the transition probability. Note, however, that boosting dU to 
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another inertial frame is typically nontrivial because the spinor redefinition (|T0D is 
involved. 



5. Experimental signals. The cross section ([30]) is given in the center-of-momentum 
frame, and the components of the coefficients for Lorentz violation are also defined 
in this frame. For symmetric colliders, the center-of-momentum frame coincides with 
the laboratory frame. However, the laboratory frame rotates with the Earth, so 
the spatial components of oscillate periodically as functions of the sidereal time t. 
This induces corresponding variations in the observed cross section, with periodicities 
controlled by the Earth's sidereal rotation frequency Q ~ 27r/(23 h 56m). 

To display explicitly the time dependence of the observable cross section, we in- 
troduce suitable bases of vectors for the nonrotating frame and the laboratory frame, 
following the notation and conventions of Ref. |TB|. In this choice of coordinates, the 
right-handed basis (X, Y, Z) for the nonrotating frame is compatible with celestial 
equatorial coordinates with Z aligned along the rotation axis of the Earth. The 
other basis vectors lie in the plane of the equator, with X having declination and 
right ascension 0°, and Y having declination 0° and right ascension 90°. Although 
this coordinate system is in fact only approximately fixed because the Earth precesses 
slowly over time, any induced effects are suppressed by several orders of magnitude 
and are neglected here. 

We select the basis (x, y, z) in the laboratory frame such that z = pi is aligned 
along the direction of the electron-beam momentum. The vector x is fixed by requiring 
it to be perpendicular to z and to lie in the z-Z plane. The remaining vector y is 
chosen to complete a right-handed triad: y = z x x. The angle between z and Z is 
denoted by x, so i • Z = cos x- 

The transformation between the two sets of bases can be regarded as nonrelativis- 
tic to an excellent approximation. It is given by 

cos x cos fit cos x sin Qt — sin x \ ( X ' 

-sin VLt cos Vtt Y (33) 

sin x c °s &t sin x sin fit cos x ) I Z j 

In what follows, we denote indices on the coefficients for Lorentz violation in the 

laboratory frame by 0, 1, 2, 3 and indices in the nonrotating frame by 0, X, Y, Z. 







s 


-( 
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To exhibit the sidereal-time dependence of the cross section, it suffices to apply 



the transformation ( |33| ) to the coefficients for Lorentz violation. For example, the 
combinations of coefficients appearing in the cross section fl3T| ) become 

cu + C22 - 2c 33 = (c X x + c Y y - 2czz) (| cos 2 X~\) 

-\{c X z + c Z x) sin 2x cos fit - §(cy Z + c Z y) sin 2% sin fit 
— \{pxx - °yy) sin 2 x cos2fit - \{c X y + c Y x) sin 2 ;vsm2fit, 
coo + c Z z + \{cxx + c Y y - 2c Z z) sin 2 x 
+ |(cyz + c Z y) sin2x sin fit + t?(cxz + c Z x) sin 2% cos fit 
+ |(cxy + °yx) sin 2 xsin2fit + \(c X x — Cyy) sin 2 xcos2fit. 



coo + C33 



(34) 

These endow the observable cross section with a dependence on sidereal time t that 
has three components: a constant, an oscillation with period T = 2ir/Q, and an 
oscillation with period T/2. 

Data in experiments are usually taken at different sidereal times and over several 
months. A typical analysis searching for deviations from QED in the cross section for 
e~e + annihilation would therefore effectively average away the sidereal-time depen- 
dence. With coefficients expressed in the nonrotating coordinate system, the typical 
analysis is thus sensitive only to the average 



da 



dcos9 



1 r T , da 
— / dt 

T Jo d cos 6 



2p 



1 + cos 2 9 
sin 2 # 



1 + c 00 + c zz + \{c X x + c Y Y ~ 2c zz ) sin 2 x 



-2 cot 2 9(cxx + cyy - 2c Z z) (f cos 2 x 



(35) 



This shows the time-averaged effect of the Lorentz-violating terms is the sum of a 
scaling of the usual cross section with a correction term proportional to cot 2 9. 

The observation of sidereal variations in cross sections would provide a unique 
signal of Lorentz violation. In high-energy physics, analogous effects for neutral- 
meson oscillations have been used by the KTeV Collaboration to obtain a new con- 
straint on coefficients for CPT violation in the standard- model extension p2]. Sidereal 
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variations also form the basis for a variety of high-precision low-energy tests of the 
standard-model extension [0, ^, [U], [13], [15], [H]. However, to date constraints have 



been placed only on a few of the coefficients c^ v . 

Large data sets of several hundred inverse picobarns for relativistic electron- 
positron pair annihilation have recently been collected by experiments at LEP |[28|| . 
These could in principle be used to bound the combinations of the coefficients c^ u in 
the nonrotating frame that appear in Eqs. Q3"4|). Note that the Lorentz- violating mod- 
ifications to the cross section (|3TD show no enhancement with energy, in accordance 
with the discussion at the beginning of section 3. This contrasts with corrections to 
the conventional QED cross section arising from other types of new physics, which 



typically grow with energy ||29|| . Although the necessary analysis and the systematics 
are qualitatively different in nature from those performed to date, it seems unlikely 
that sidereal-time binning of the e~e + — > 2 / y data would yield tight bounds. How- 
ever, it could limit certain components of otherwise presently unconstrained by 
experiment. 

6. Summary. In this work, a procedure is presented for calculating observable cross 
sections and decay rates in the Lorentz-violating standard-model extension. In de- 
termining the transition matrix, conventional perturbative techniques apply but with 
modified Feynman rules. To avoid complexities associated with inertial-frame changes 
in the presence of Lorentz violation, it is most convenient to perform any analysis 
in a single frame. Methods for obtaining the necessary kinematical factors are also 
presented. 

As an example, the process e~e + — > 27 for relativistic electrons and positrons is 
explicitly considered. In this case, the relevant coefficients for Lorentz violation are 
associated with derivative couplings in the fermion sector of the Lorentz-violating 
QED extension, and they scale with momentum like the usual fermion kinetic term. 
The contributions from other coefficients either are negligible or average to zero for 
unpolarized scattering. The resulting cross section is explicitly given in Eqs. ( p0|) 
and (|3lD . The Earth's rotation induces a dependence of this cross section on sidereal 
time, specified in Eq. ([34]). High-statistics experiments searching for this effect could 
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place bounds on some coefficients for Lorentz violation otherwise unconstrained by 
experiment. 

It would be of interest to obtain expressions for other standard QED scattering 
amplitudes in the context of the Lorentz-violating QED extension. It is possible 
that the experimental sensitivity is enhanced by the boost factor 7 in appropriate 
circumstances. Certainly, sensitivity to different parameters can be expected among 
different processes. Also, the above arguments for neglecting certain coefficients for 
Lorentz violation fail for nonrelativistic fermions, so different scenarios such as fixed- 
target experiments could be worth investigation. 

We thank Salvatore Mele for discussion. This work was supported in part by the 
United States Department of Energy under grant DE-FG02-91ER40661. 
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